The structural behaviour of cassiterite (SnO 2 ), pyrolusite (MnO 2 ) and sellaite (MgF 2 ), i.e. AX 2 -minerals, has been investigated at room temperature by in situ high-pressure single-crystal diffraction, up to 14 GPa, using a diamond anvil cell. Such minerals undergo a ferroelastic phase transition, from rutile-like structure (SG: P4 2 /mnm) to CaCl 2 -like structure (SG: Pnnm), at ≈ 10.25, 4.05 and 4.80 GPa, respectively. The structural evolution under pressure has been described by the trends of some structure parameters that are other than zero in the region of the low-symmetry phase's stability. In particular, three tilting-angles (ω, ω′, ABS) and the metric distortion of the cation-centred octahedron (quantified via the difference between apical-anion and equatorial-anion distances Δ|X ax −X eq |) are used to express the atoms' readjustment, i.e. relaxation, taking place in the CaCl 2 -like structures under pressure. The crystallographic investigation presented is complemented with an analysis of the energy involved in the phase transition using the Landau formalism and adopting the following definition for the order parameter: Q = η 11 -η 22 , η ij being the spontaneous strain tensor. The dependence of ω, ω′, ABS and Δ|X ax −X eq | on Q allows determination of a correlation between geometrical deformation parameter and energy. Lastly, the relaxation mechanisms that exploits ω, ω′, ABS and Δ|X ax −X eq | may be related to the ionic degree of bonding, the latter modelled via quantum mechanics and Bader theory. Sellaite, the mineral exhibiting the highest degree of ionic bonding among those investigated, tends to accomplish relaxation through pure rotation of the octahedron, rather than a metric distortion (Δ|X ax − X eq |), which would shorten inter-atomic distances thus increasing repulsion between anions.
Introduction
Rutile-type AX 2 -compounds have motivated a great deal of attention for several reasons. On one hand, the outstanding physical and chemical properties of rutile, TiO 2 , boost researchers to delve into the behaviour of rutile-isostructural minerals to better understand the behaviour of TiO 2 , and to unearth possible analogies of other AX 2 -systems. Rutile exhibits a complex phenomenology as a function of pressure and temperature. It undergoes phase transitions that lead to 13 polymorphs (Liu et al. 2015) . The TiO 2 -phases allow a variety of technological applications, which exploit properties such as the narrowing of the band gap in the S/N Nddoped TiO 2 (Umebayashi et al. 2002 (Umebayashi et al. , 2003 Wang and Doren 2005) and the photocatalytic activity induced by C 4+ and S 4+ dopant ions (Ohno et al. 2004a, b) . On the other hand, it is worth comparing rutile-like AX 2 compounds' behaviour with stishovite's, SiO 2 , the latter being of relevance to mantle mineral composition and providing an example of crystal structure in which Si fits an octahedral coordination (Carpenter et al. 2000) . Altogether, in spite of their seeming "chemical simplicity", rutile-type AX 2 -compounds exhibit a complex physical behaviour. In such a view, high-pressure (HP) investigations are useful to bring to light differences between AX 2 -compounds, in particular exploring (1) their Electronic supplementary material The online version of this article (https ://doi.org/10.1007/s0026 9-019-01057 -7) contains supplementary material, which is available to authorized users.
1 3 physical-chemical mechanisms of structural relaxation under P and (2) the relationships between structural relaxation and energy, involving low-and high-symmetry phases, if phase transitions take place. Several investigations were performed by HP powder diffraction experiments on rutiletype AX 2 -compounds (Haines et al. 2000; Prakapenka et al. 2003; Shieh et al. 2006; Grocholski et al. 2014) . In such studies, the authors explored large ranges of pressure, often over 100 GPa. Conversely, few experiments on single-crystal are reported (Nakagiri et al. 1987; Ross et al. 1990) , and little attention has been devoted to get insight into the behaviour of AX 2 -minerals in the low-pressure range. The latter aspect is relevant to help understand the origins of a loss of stability and the ensuing structural relaxation mechanism, which often makes the resulting high-pressure polymorph stable upon a wide P-range.
In the present investigation, we deal with low-pressuretriggered ferroelastic phase transitions of AX 2 -minerals from rutile-type to CaCl 2 -type structure. We focus on SnO 2 (cassiterite), MnO 2 (pyrolusite; β-MnO 2 ) and MgF 2 (sellaite), given that they (a) exhibit structural features that are complementary to each other (we shall discuss this aspect below); (b) show bulk modulus values covering a wide range [K 0 = 101(3) GPa in MgF 2 , K 0 = 205(7) GPa in SnO 2 , K 0 = 328(18) GPa in MnO 2 ] and (c) have chemical compositions that involve both cation and anion replacements. The present study is carried out by in situ HP X-ray singlecrystal diffraction, from room pressure to about 14 GPa. The structural evolutions of the minerals under investigation are interpreted in light of the Landau theory. The aim is to span the gap found in literature about a detailed structural analysis and phenomenological energy interpretation of the symmetry break from rutile-type to CaCl 2 -type structure, as a function of composition. In the following, for the sake of simplicity we shall employ the names "cassiterite", "pyrolusite" and "sellaite" to address both tetragonal and orthorhombic phases.
Rutile-type structure and earlier studies
Rutile-type structure AX 2 compounds have tetragonal symmetry and space group P4 2 /mnm, with Z = 2. The A-cation is located at 0,0,0 and the X-anion at x, x, 0 (Vegard 1916) . The resulting structure is simple: each A-cation is bonded to six X-anions in octahedral coordination and each X-anion is, in turn, bonded to three A-cations. Octahedral chains develop along [001] by a corner-sharing linking mechanism. Among the six cation-anion bonds stabilizing AX 6 -octahedra, two "axial" A-X ax bonds, perpendicular to the (110) plane, have length R 1 , and the remaining four "equatorial" A-X eq bonds have length R 2 . The R 1 and R 2 lengths are slightly different from one another and this discrepancy causes a distortion of the octahedron (Baur 1956 (Baur , 1976 Baur and Khan 1971; Bolzan et al. 1997) , which, in the case of ideal symmetry, should have R 1 = R 2 . Plotting structural data of rutile-type AX 2 oxide/halide compounds in terms of their c/a ratio versus anion x coordinate, one finds that such structures lie in two distinct classes, as a function of the geometrical distortion of their octahedral building units: almost all halides fulfil the following inequality R 1 < R 2 , whereas most oxides are such that R 1 > R 2 . This led the aforementioned authors to conclude that bonding in some rutile-type oxides (TiO 2 , GeO 2 and SnO 2 ) could not be completely ionic, but it would bear a covalent contribution. The four equatorial anions (X eq ) are located at the vertices of a rectangle in the (110) plane, whose longest side lies parallel to [001], whereas the shortest one is perpendicular to [001] . Such an arrangement is described by means of the rectangle's side lengths and X eq -A-X eq angles.
All the rutile-type compounds investigated to-date reveal at high pressure a phase transition to the CaCl 2 -type orthorhombic structure, with space group Pnnm (Z = 2), and additional transitions at higher pressures. The space group Pnnm is a subgroup of P4 2 /mnm (Bärnighausen 1980) and no discontinuities in the cell edges and relative volumes have been observed, this pointing to the occurrence of a secondorder transition. The rutile-to-CaCl 2 -type transition involves rotation of the AX 6 octahedral chain about the twofold axis parallel to z, yielding an orthorhombic distortion, which implies disappearance of the diagonal mirror planes of the rutile-type structure, and therefore of the fourfold screw axis (Baur 1994 (Baur , 2007 .
Two simple geometrical relationships hold between the lattice parameters of the orthorhombic unit cell, anion's coordinates and tilting-angles (ω and ω′) of the AX 6 -octahedron (Bärnighausen et al. 1984; Range et al. 1987; see Fig. 1a) :
where a and b are the lattice parameters of the orthorhombic symmetry phase; x and y the factionary coordinates of the X-anion.
If ω = ω′ ≠ 0, then the octahedron rotates, whereas if ω ≠ ω′ ≠ 0 then distortions occur (Haines et al. 1995) , and the A-X ax bond is not perpendicular to the plane of the four equatorial anions anymore.
Previous works on synthetic SnO 2 reveal that its structure exhibits R 1 slightly longer than R 2 (Baur and Khan 1971) . Hazen and Finger (1981) and Haines and Léger (1997) report bulk modulus values of K 0 = 218(2) GPa with k′ = 7, and K 0 = 205(7) GPa with k′ = 7.4(2.0), respectively. Rietveld
refinements on X-ray powder diffraction patterns collected on a P-range such that the tetragonal symmetry is stable show that (i) the oxygen's x coordinate slightly decreases upon increasing pressure and (ii) the axial Sn-O bonds are more compressible than the equatorial ones (Haines and Léger 1997) . The rutile-to-CaCl 2 -type phase transition occurrence was estimated at P ≈ 11.8 GPa by extrapolation of the spontaneous strain values versus pressure from Haines and Léger (1997) , who experimentally observed at 12.6 GPa the appearance of the low-symmetry phase. Shieh et al. (2006) claim the occurrence of the CaCl 2 -type polymorph at 13.6 GPa. In their study, further transitions were detected at higher pressure, i.e. to pyrite-type structure ( Pa3 ) at 38 GPa, to ZrO 2 -type structure (Pbca) at 64 GPa, and to cotunnitetype structure (Pnam) at 80 GPa, after heating. Hassan et al. (2013) predict a transition pressure at ≈ 11.6 GPa. According to Erdem et al. (2014) , the same transition is supposed to take place at ≈ 7.59 GPa, and at ≈ 11.50 GPa there should occur a transformation more, to a α-PbO 2 -type structure. Pyrolusite (β-MnO 2 ) exhibits R 1 > R 2 . Natural crystals are usually fine-grained and literature reports a few structural characterizations (Kondrashev and Zaslavskii 1951; Wyckoff 1963) . The HP behaviour of β-MnO 2 was studied on powdered samples in the range 0-46 GPa, and the rutile-to-CaCl 2 -type transition is placed between 0.3 and 1.9 GPa (Haines et al. 1995) . The aforementioned authors claim a significant broadening of the h00 and 0k0 reflections, on such P-interval. However, unambiguous peak splitting of the mentioned reflections takes place only at pressures higher than 7.3 GPa. The orthorhombic phase of MnO 2 yields a bulk modulus of K 0 = 328(18) GPa with K′ = 4(2), according to Haines et al. (1995) . By ab initio calculations, Li et al. (2006) predict that the rutile-type MnO 2 structure transforms to CaCl 2 -type structure at 5 GPa and then changes to pyrite-type at 20 GPa.
Sellaite (MgF 2 ) is a fluoride with the rutile-type structure (Baur 1976) , exhibiting, like most fluorides, R 2 > R 1 . Nakagiri et al. (1987) studied the high-pressure behaviour of MgF 2 by X-ray single-crystal diffraction experiments, using a diamond anvil cell (DAC), up to 4.8 GPa. In the investigated range, the fluorine's x coordinate slightly decreases under P and the gap between R 1 and R 2 widens, the octahedron becoming more and more distorted. Notwithstanding all this, no phase transition was seen. Haines et al. (2001) located the rutile-to-CaCl 2 -type phase transition over 9 GPa, because of the observed broadening and subsequent splitting of the h ≠ k diffraction peaks, and reported the following elastic properties: K 0 = 101(3) GPa with K′ = 4.2(1.1). At 14 GPa the aforementioned authors claim a modified fluorite PdF 2 -type phase, space group Pa3 , Z = 4. Kanchana et al. (2003) studied the structural phase transition in MgF 2 by calculations using the TB-LMTO method and predicted the rutile-to-CaCl 2 -type transition at ≈ 10 GPa, and a further transition to cubic PdF 2 -type at ≈ 14.1 GPa. Using density functional theory, Živković and Lukačević (2016) calculated the pressure dependence of phonon modes' frequencies and elastic constants, and they concluded that the rutile-to-CaCl 2type transition is a second-order phase transition. Using the LDA-T approximation, the quoted authors foresaw the occurrence of a soft mode that tends to zero at ≈ 4.7 GPa, thus heralding the appearance of instability. 
In situ HP-single crystal X-ray diffraction
After chemical characterization, single crystals of cassiterite, pyrolusite and sellaite were selected to perform in situ high-pressure X-ray diffraction measurements. The samples were chosen according to their optical features and size, and then tested with preliminary X-ray diffraction experiments at ambient conditions. The P4 2 /mnm space group was confirmed for all the specimens under investigation. The selected crystals (pyrolusite 100 × 30 × 30 Å 3 ; cassiterite 120 × 60 × 20 Å 3 ; sellaite 120 × 90 × 30 Å 3 ) were placed in an ETH-DAC (Miletich et al. 2000) , using a 200-µm-hole stainless steel gasket, pre-indented to a thickness of about 80 µm. A 16:3:1 methanol:ethanol:water (M:E:W) mixture was used as a hydrostatic pressure-transmitting medium. Four 5 µm size ruby specimens were scattered over the HPchamber hosting the sample, to (i) measure pressure (Mao et al. 1986 ); (ii) check/quantify occurrence of deviations from hydrostatic conditions and (iii) provide an estimate of the uncertainty on P. As to point (ii), the mix 16:3:1 M:E:W fails to provide fully hydrostatic conditions over 10.5 GPa (Angel et al. 2007; Klotz et al. 2009 ) therefore extra attention should be paid to data obtained at pressure above the cassiterite pyrolusite sellaite SnO 2 MnO 2 Mg 0.985 Ca 0.015 F 2 (average of 9 analyses); (average of 11 analyses); (average of 13 analyses).
mentioned threshold. The fluorescence lines of the ruby crystals were measured by a LABRAM HRVIS (Horiba Jobin-Yvon Instruments) μ-Raman spectrometer (G. Scansetti Center, University of Torino). The uncertainty on pressure, estimated as e.s.d. of the P-determinations on the ruby crystals, is on average as large as 0.1 GPa. For cassiterite, a second crystal (90 × 60 × 20 Å 3 ) was studied, using a DAC equipped with a 150-µm-hole stainless steel gasket, pre-indented to a thickness of about 65 µm; this arrangement allowed us to achieve about 14 GPa. X-ray diffraction intensities were measured with a Gemini R Ultra diffractometer (CrisDi Center, University of Torino), equipped with a Ruby CCD detector, using MoKα radiation and an X-ray tube operating at 50 kV and 40 mA. A total of 714 exposure frames (2θ angle width 0.6°, exposure time = 40 s, detector-sample distance 82 mm) were collected at each pressure, using four φ-and twelve ω-scans runs, thus covering as large an accessible reciprocal space portion as possible. The CrysAlisRed™ program (Rigaku Technologies) was used to fit the diffraction spots and integrate the related intensities. Structural refinements were carried out by the SHELX-97 package (Sheldrick 2008), adopting the low-symmetry space group even for tetragonal symmetry to follow the structural evolution under pressure (see the next section). In particular: the fractional coordinates of the anion were refined without restraints; the occupancy factors were fixed at their values from the chemical compositions; anisotropic (for cations) and isotropic (for anions) atomic displacement parameters were refined. At high pressure, in the case of some datasets (mostly for pyrolusite and for cassiterite at P > 12 GPa), cations' vibration motion, too, was modelled by isotropic ADPs, to preserve a reliable ratio between the number of independent data and the number of structural degrees of freedom. Unit-cell parameters and refinement details for cassiterite, pyrolusite and sellaite are presented in Tables 1, 2 , 3, 4, 5 and 6, respectively (CIF files provided as electronic Supplementary Material).
Results and discussion

Structures as a function of pressure
In the present study, we follow the structural evolution versus pressure of each phase under investigation to help clarify the mechanism causing the symmetry break and estimate the transition pressure, about whose value uncertainty is still in debate in present literature. The lowsymmetry phase's space group, Pnnm, is a subgroup of P4 2 /mnm. The symmetry break relieves symmetry constraints and allows the following degrees of freedom: (1) the x, x, 0 atomic coordinates of the X-anion change into x, y, 0; x ≠ y measures the deviation of the anion from the 1 3
[110] diagonal direction; (2) the a-c lattice parameters change into a-b-c of the orthorhombic phase.
The additional crystallographic degrees of freedom enable a set of "deformation parameters", i.e. observables that are zero in the high-symmetry phase and other than zero in the low-symmetry phase. We chose to use the appellation of "deformation parameters" to underline that they provide a deformation with respect to the high-symmetry phase, if one extends the latter into the stability field of the low-symmetry phase. Such deformation parameters are associated to the following atomic re-arrangements, related to the low-symmetry phase:
1. The four equatorial oxygen atoms of the octahedron no longer lie in the (110) plane, and the octahedron's orientation can change. The X ax -X eq distances are equal to each other in the high-symmetry phase, whereas in the low-symmetry phase they split into two sets of values and the related absolute difference is referred to by Δ|X ax -X eq |.
2. The A-X ax bond, which in the high-symmetry phase is normal to the (110) plane, can tilt in the low-symmetry phase. The tilting angle, X ax -A-X eq , contributes to the description of the octahedral distortion. Hereafter, we refer to the acute X ax -A-X eq angle ( Fig. 1b ) by the acronym ABS ("Axial Bond Squareness"). 3. The ω and ω′ angles, mentioned in the "Rutile-type structure and earlier studies" (Fig. 1a ), can take values other than zero in the low-symmetry phase.
The low-symmetry structure has two degrees of freedom more than the high-symmetry structure; this implies that only two deformation parameters are independent. Notwithstanding, the deformation parameters express different ways adopted by a structure to respond to HP and relax accordingly. In this view, we shall pay special attention to Δ|X ax -X eq |, ABS, ω and ω′; they will be termed "degrees of freedom", for the sake of simplicity.
As stated above, we also conducted structural refinements using the Pnnm space group for the tetragonal phase. This Table 1 Cassiterite: unit-cell parameters and X-ray diffraction data-collection conditions: number of collected reflections, number of unique reflections and refinement figures of merit (e.s.d. in brackets) a Data reduction and refinements are carried out in Pnnm space group, even in the case of actual tetragonal symmetry. N. refined parameters = 9 (up to P = 11.3 GPa) b Experiments were performed on a small crystal, obtaining fewer observed reflections. Sn-site refined with isotropic displacement parameters; N. refined parameters = 5. Given that pressure is above its threshold of hydrostaticity, we report such structure results for the sake of completeness, but believe that only lattice parameters are fully reliable (6) 3.1766 (7) 70.637 (17) 446 57 3.59 3.65 8.42 3.2(1) a 4.7110 (7) 4.7110 (7) 3.1766 (5) 70.500 (18) 444 54 3.55 3.67 8.37 4.1(1) a 4.7035 (7) 4.7035 (7) 3.1732 (5) (6) 3.1592 (5) 68.684 (16) 452 74 3.70 3.93 6.57 9.6(1) a 4.6605 (7) 4.6605 (7) 3.1591 (5) (17) 2.017 (7) 2.032 (4) 2.027 (2) 89.96 (6) 102.0(3) 10.0(1) 0.3063(4) 0.3071 (12) 2.018(4) 2.027 (3) 2.024 (1) 89.97 (4) 102.27 (18) 10.3(1) 0.3063 (6) 0.3061 (14) 2.014 (5) 2.030 (3) 2.024 (2) 89.98 (5) 102.0(2) 10.5 (1) 0.3059 (9) 0.3073 (22) 2.017 (8) 2.028 (5) 2.025 (3) 89.87 (11) 102.3(4) 10.9(1) 0.3073 (9) 0.303 (2) 2.013 (9) 2.030 (5) 2.024 (3) 89.82 (11) 102.3 (4) 11.3(1) 0.3093 (7) 0.305 (2) 2.016 (8) The number of total reflections was sufficient for determination of the unit-cell parameters, whereas the unique reflections were not enough for structural refinement A comparatively modest number of degrees of freedom increases our confidence that correlations are reasonably low and unlikely to skew our results, which can be checked by comparing the results from refinements in low-symmetry with those in high-symmetry structures. The choice to adopt the low-symmetry structure throughout the P-range explored is dictated by our aim to see the structure's evolution from P4 2 /mnm to Pnnm by recording the trend of deformation parameters. This is carried out to monitor where and how such observables become significantly other than zero and estimate the transition pressure value as the point at which an abrupt change of trend takes place. This approach is feasible due to the simplicity of the structure of the involved phase. Should the number of degrees of freedom of the lowsymmetry phase be large, then correlations would occur and likely lead to incorrect conclusions. Note that for each Table 5 Sellaite: unit-cell parameters and X-ray diffraction data-collection conditions: number of collected reflections, number of unique reflections and refinement figures of merit a Data reduction and refinements are carried out in Pnnm space group, even in the case of actual tetragonal symmetry
0.0001 a 4.6466(10) 4.6466 (10) 3.0693 (7) 66.27 (2) P-point we also determined the space group according to the consolidated approach (see for instance : Marsh 1995; Baur and Fischer 2003) and performed structural refinements in high-symmetry structure, when it resulted in P4 2 /mnm. Tables 1, 2 , 3, 4, 5, 6 report the lattice parameters, general refinement conditions and structure parameters related to the structural refinements of cassiterite, pyrolusite and sellaite, respectively. The quality of the pyrolusite crystal was slightly lower than cassiterite's and sellaite's, thus yielding larger figures of merit (R and wR 2 ) and a smaller number of unique reflections suitable to structural refinements for MnO 2 .  Figures 2a, b, d , e, 3a, b, d, e and 4a, 4b, 4d, 4e display lattice parameters, |x-y|, ABS angles and Δ|X ax -X eq |, as a function of pressure, in cassiterite, pyrolusite and sellaite, respectively. Figures 2c and 3c show |ω-ω′| for cassiterite and pyrolusite; in the case of sellaite (Fig. 4c) , ω and ω′ are displayed individually, given that they provide a more effective recording of the phase transition than their absolute difference. In short, the suite of Figs. 2, 3 and 4 displays geometric deformation parameters that, as stated above, become other than zero in the low-symmetry phase, because of the symmetry break. Figures 2b, 3b and 4b prove that cassiterite, pyrolusite and sellaite turn from tetragonal to orthorhombic symmetry in the intervals 10.2-10.5, 4.0-4.2 and 4.8-5.0 GPa, respectively.
In cassiterite, the tetragonal symmetry holds up to 10.2-10.3 GPa, and at 10.5 GPa the structure is substantially orthorhombic. The coordinates x and y of the oxygen (Fig. 2b ) and the ABS angles of the octahedron (Fig. 2d ) exhibit apparent changes of trend. In Fig. 2b on the P-interval 0-10.3 GPa, i.e. below the phase transition pressure, a 3σ-wide horizontal grey band is reported, where σ is the uncertainty on the x coordinate of the anion from structure refinements using the "actual" tetragonal P4 2 /mnm space group. Figure 2b shows that the |x-y| difference values, from refinements using Pnnm, lie within the e.s.d obtained from refinements employing tetragonal symmetry. At pressure higher than 10.5 GPa, the a and b unit-cell parameters have different compressibility and the gap between their values increases as a function of P (Fig. 2a) . A change of the c parameter's trend is observable, too: c decreases from 3.1826(5), at room conditions, to 3.1549(7) Å, at 10.3 GPa; at higher P, it increases so as to achieve the figure of 3.1611(9) at 11.3 GPa ( Fig. 2a) . Such a behaviour, never reported in previous works, might be reflective of oscillations due to uncertainties around a plateau value. Δ|X ax -X eq | versus P records the phase transition, displaying an abrupt change of trend that takes place on the range 10.2-10.5 GPa (Fig. 2e) . The ω and ω′ angles are both very close to zero up to 10.2-10.3 GPa. At higher pressure, the octahedron distorts so that ω′ > ω, even if the absolute ω-and ω′-values are still comparatively small. The difference |ω-ω′| ( Fig. 2c ) and ABS angles (Fig. 2d ) exhibit trends characterized by a monotonic increase and decrease, respectively, of their values as a function of P, and such that d|ω-ω′|/dP ≈ 0.66 and dABS/dP ≈ − 0.35 GPa −1 .
In pyrolusite, the structural refinements suggest that the P4 2 /mnm space group holds up to 4.0-4.1 GPa. This is proven by the |x-y| absolute differences between coordinates obtained by refinements in the low-symmetry space group, which are 3σ-consistent with those from the highsymmetry space group. At 4.2 GPa the two x-y coordinates of the oxygen atom are significantly different from one Table 6 Sellaite: x and y atomic coordinates of the F-anion, Mg-F ax (R 1 ) and Mg-F eq (R 2 ) bond distances, average < Mg-F > bond length, F ax -Mg-F eq (ABS) and F eq -Mg-F eq angles (11) 2.001 (7) 1.997(4) 90.00(11) 99.7(5) 2.4(1) 0.3028 (7) 0.3037 (21) 1.973 (7) 1.989 (5) 1 3 another (Fig. 3b) . At pressure higher than 4.2 GPa, the unitcell parameters a and b difference widens. In particular a slightly increases, while b shortens, yielding dln(|a-b|)/dP ≈ 0.25 GPa −1 (Fig. 3a) . Up to 4.0-4.1 GPa the ω and ω′ angles are close to zero; at 4.2 GPa, ω and ω′ become 5.5° and 3.4°, respectively ( Fig. 3c ). At higher P they further increase in value, achieving 11.5° and 7.9°, respectively, at 9.2 GPa. Such figures are in qualitative agreement with the values of 8.3° and 6.5° at 7.3 GPa, reported for ω and ω′, respectively, by Haines et al. (1995) . The difference between obtuse and acute-ABS angles (Fig. 3d) and Δ|X ax -X eq | (Fig. 3e ) changes trends abruptly above 4.2 GPa, passing from ≈ 0° to ≈ 2.6° and 0.07 Å, respectively. In sellaite, the space group P4 2 /mnm holds up to 4.8 GPa, whereas it is replaced by Pnnm at 5.0 GPa. At 5.0 GPa, i.e. in orthorhombic structure stability regime, (i) the x-y coordinates of the fluorine atom do not show significant difference from one another (0.3013(9) versus 0.3036(13), respectively; Fig. 4b ). The |x-y| differences are consistent within 3σ with the results from refinements in the high-symmetry space group, and (ii) the a-b cell edges are still undistinguishable from one another within the experimental uncertainty (4.553(5) and 4.551(8) Å, respectively; Fig. 4a ). However, d(|x-y|)/dP changes from ≈ 0 to ≈ 0.01 GPa −1 (Fig. 4b) and dABS/dP from ≈ 0 to ≈ − 0.16 GPa −1 (Fig. 4d ). In particular, at 5.0 GPa the ABS angle starts to increase, up to some 6 GPa. At higher P the x-y coordinates become significantly different from one another (for instance, at 10.2 GPa x and y coordinates are 0.315(2) and 0.288(3), respectively). The tilting-angles ω and ω′, become other than zero only at pressure over 6 GPa, and have values close to one another (Fig. 4c) . At 10.2 GPa, ω and ω′ are 3.1° and 3.2°, respectively, in good agreement with the figures reported by Haines Fig. 2 Evolution of structure's parameters in cassiterite with increasing pressure. Data reduction and refinements are carried out in Pnnm space group. Full symbols = below P tr ; open symbols = above P tr . Experimental uncertainties (bars) for almost all points are smaller than symbols. a Unit-cell parameters: a (circles), b (squares) and c (diamonds). Above P tr, a increases and b decreases with respect to a tetr at the highest pressure of the field of stability of the high-symmetry phase; c-edge shows somewhat of a "plateau", whereas at higher P it decreases regularly. b Difference |x−y| between the coordinates of the oxygen atom. In the P-range 0-10.3 GPa the values of |x−y| are lower than the uncertainties on the x coordinate of oxygen from refinements using tetragonal symmetry (0.001 < 3σ x < 0.003, horizontal grey band). c Difference |ω-ω′| between the two tilt angles. d ABS angles: diamonds = acute-ABS; circles = obtuse-ABS. e Difference Δ|X ax −X eq | between the two sets of values of O ax -O eq distances. Above P tr , the octahedron is distorted and the four O eq s are not equidistant from O ax anymore Figure 4e displays a significant change of the Δ|X ax -X eq |-values, passing from high-to low-symmetry stability ranges. However, in the low-symmetry phase P region Δ|X ax -X eq | gives rather scattered figures, thus hinting that the relaxation mechanism exploited by sellaite is weakly correlated to the difference between equatorial and apical anions distances. Figure 5 displays the trends of the average A-X distance, < A-X > , as a function of P. All of the minerals under investigation do not exhibit any discontinuity around the transition pressure (P tr ), and their < A-X > -values trend smoothly, within the experimental uncertainties. If one examines the average |R 1 -R 2 | values, calculated at P < P tr (< |R 1 -R 2 | P< >) and P > P tr (< |R 1 -R 2 | P> >), cassiterite and pyrolusite give < |R 1 -R 2 | P> >/< |R 1 -R 2 | P< > ≈ 8.73 and 5.46, respectively, at variance with sellaite yielding ≈ 1.37. Note that |R 1 -R 2 | values are associated with the distortion of the octahedron, but they are not related to any symmetry break.
Altogether, cassiterite, pyrolusite and sellaite undergo the same symmetry-change, but adopt relaxation mechanisms that exhibit differences among them:
• Cell parameters The axial compressibilities, calculated as β = − < (da i /dP) (1/a i ) > (where a i is the cell parameter), are for cassiterite: βa = -3.0(4), βb = 8(1), βc = 2(2) × 10 −3 GPa −1 , for pyrolusite: βa = − 0.7(5), βb = 3.6(5), βc = 1(1) × 10 −3 GPa −1 and for sellaite: βa = 1.2(3), βb = 5.6(8), βc = 2.8(3) × 10 −3 GPa −1 , respectively. Cassiterite and pyrolusite have a-edges that show at P > P tr slightly increasing trends, characterized by absolute axial variations of 1.0 and 0.3%, respectively. Conversely, sellaite's a-edge decreases smoothly as a function of pressure, with an absolute axial variation of 0.6%. Note that Fig. 3 Evolution of structure's parameters in pyrolusite with increasing pressure. Data reduction and refinements are carried out in Pnnm space group. Full symbols = below P tr ; open symbols = above P tr . Experimental uncertainties (bars) for almost all points are smaller than symbols. a Unit-cell parameters: a (circles), b (squares) and c (diamonds); above P tr , a slightly increases and b decreases; c shows somewhat of a "plateau", whereas at higher P it decreases regularly. b Difference |x -y| between the coordinates of the oxygen atom. The horizontal grey band has the same meaning as used in Fig. 2b. in the case of pyrolusite, a discontinuity seems to occur at P tr , involving the a-edge. However, this does not affect the volume cell at such an extent as to induce any unquestionable discontinuity on V (whose trend is not shown for the sake of brevity). All of the three minerals exhibit b-edges that shorten regularly under pressure, accompanied by changes of slope with respect to the regime at P < P tr . The c-edge shows somewhat of a "saturation", i.e. appearance of a "plateau", just over P tr , for cassiterite and pyrolusite, whereas at higher pressure c decreases regularly. Sellaite, in turn, exhibits a smoothly decreasing c-trend, with axial variation as large as 1.5%. Note that the c-parameter length is equal to the octahedron's edge whose ends are occupied by two X-anions. In this view, any shortening of c is associated with a nearing of two negative ions to one another and therefore with an increase of repulsion;
• The x and y coordinates The |x-y| difference increases monotonically upon P (Fig. 2b, 3b and 4b ) though at different rates: ≈ 0.014, 0.007 and 0.006 GPa −1 for cassiterite, pyrolusite and sellaite, respectively; • AX 6 octahedron rotation In cassiterite, at P just over P tr we observe ω ≈ ω′ ≈ 0, which becomes ω ≠ ω′ ≠ 0 upon increasing pressure, with d|ω-ω′|/dP ≈ 0.66 GPa −1 (Fig. 2c) . In pyrolusite, ω ≠ ω′ ≠ 0 holds at P > P tr (Fig. 3c) , with d|ω-ω′|/dP ≈ 0.23 GPa −1 . In sellaite, ω and ω′ begin to increase at P > 6 GPa, even if the transition is estimated to take place between 4.8 and 5.0 GPa; at higher P, ω and ω′ increase preserving |ω-ω′|≈ 0 (Fig. 4c ); • AX 6 octahedron distortion because of the A-X ax bond tilt, measured through the acute-ABS angle In cassiterite, ABS regularly decreases, whereas in pyrolusite it changes little (Figs. 2d and 3d ). In sellaite, ABS Difference |x-y| between the coordinates of the fluorine atom. The horizontal grey band has the same meaning as used in Fig. 2b . c Tilt angles ω (circles) and ω′ (diamonds). d ABS angles: diamonds = acute-ABS; circles = obtuse-ABS; dashed lines define the band where the ABS's are equal to 90° within the uncertainty; grey region marks the pressure range where ABS's are different from 90°. e Difference Δ|X ax −X eq | between the two sets of values of F ax -F eq distances; grey region marks the pressure range where the ABS angle results in a distortion of the octahedron (compare with Fig. 4d |X ax -X eq | (Å) 1 3 decreases between 5 and 6 GPa, but it then inverts such trend and increases so that at 8 GPa its value is ≈ 90° (Fig. 4d ); • AX 6 octahedron distortion because of R 1 ≠ R 2 The average compressibility values of < A-X > change little if estimated at P < P tr versus P > P tr , in all the minerals under investigation (Fig. 5 ). Cassiterite and pyrolusite give < |R 1 -R 2 | P> >/< |R 1 -R 2 | P< > ratios ≈ 8.73 and 5.46, respectively. However, in cassiterite |R 1 -R 2 | P> gradually increases with P (R 1 > R 2 ), while in pyrolusite the difference between R 1 and R 2 abruptly changes above the transition (R 1 > R 2 ) and then remains almost constant. In sellaite, |R 1 -R 2 | P> and |R 1 -R 2 | P< have quasi-parallel trends and the < |R 1 -R 2 | P> >/< |R 1 -R 2 | P< > ratio is as large as ≈ 1.37; • X ax -X eq octahedron edge distortion In cassiterite, Δ|X ax -X eq | shows the same trend of ABS (compare Fig. 2d, e ), while in pyrolusite an analogy is observable between Δ|X ax -X eq | and |ω-ω′| ( Fig. 3c, e ). In sellaite, on the pressure range 5-7 GPa, the trend of Δ|X ax -X eq | is comparable with ABS's (see Fig. 4d, e ), whereas at higher pressure Δ|X ax -X eq | shows a behaviour somewhat similar to |ω-ω′|'s.
Phase transition energy and relaxation mechanism
The P4 2 /mnm → Pnnm tetragonal (tetr)-orthorhombic (orth) ferroelastic transition is such that a tetr ≈ a orth , b tetr ≈ b orth , c tetr ≈ c orth around P tr , and therefore its active representation, Γ(K), requires K = 0. Therefore, we focus on the relationships between irreducible representations of the point groups 4/mmm and mmm. B1g, which fulfils the Landau constraint, is the only irreducible representation that coincides with the total-symmetric one for the subgroup mmm, whereas it does not for 4/mmm. Given that B1g is associated to a 1D vector space, the order parameter (OP) vector has one component only, which is referred to by Q. Q, in turn, must change according to B1g under the action of the P4 2 /mnm space group operators. A linear combination of the spontaneous strain components, η ij , allows us to formulate an expression that fulfils the requirements for an OP, namely: (i) 0 ≤ Q ≤ 1; (ii) Q = 0 in the region wherein the high-symmetry polymorph is stable; (iii) Q ≠ 0 elsewhere; (iv) Q transforms according to B1g. In particular, one can choose Q = η 11 -η 22 (Haines et al. 1995) . Using the Eulerian strain tensor as formulated by Pavese (2005) , one easily shows that where a i and a i,0 are the ith cell-edge of the low-and highsymmetry phases, respectively, at P > P tr . Note that a i,0 is extrapolated as a 1,0 = a 2,0 = (a + b)/2 from the high-symmetry phase's stability field into low-symmetry phase's.
The Gibbs energy difference between low-and high-symmetry phases is modelled via a Landau-type expression, i.e.
where P c is the "critical" pressure that we take as an estimate of the "transition" pressure, i.e. P tr . From Eq. (3) and taking into account that and that one determines the A and B j coefficients, via Eqs. (4a) and (4b).
The truncation order of the expansion (Eq. 3), i.e. N, is chosen by analysing the P-Q 2 plot, using the following equation:
In Fig. 6 the Q-P curves for cassiterite, pyrolusite and sellaite are shown, and allow us to determine P c for each mineral, thus obtaining 10.25, 4.05 and 4.80 GPa, respectively. Table 7 reports the A and B coefficients determined (3)] ranges from 2 to 1.7, 2 to 1.9 and 2 to 1.3 for cassiterite, pyrolusite and sellaite, respectively. This is in keeping with sellaite as the first, among the three phases under investigation, that undergoes a further P-triggered transition (from Pnnm to Pa3 at about 14 GPa). We focus on the behaviour of Δ|X ax -X eq |, 90°-ABS, ω and ω′ as a function of Q, to correlate such structure deformation parameters with OP, the latter being associated to the Gibbs energy difference between orthorhombic and tetragonal phases. In particular, we chose to quantify the sensitivity of the Y parameter to Q by the following expression:
in which < Y > is the average of Y on the explored P-range, whereas ΔY and ΔQ express the difference of Y and Q between their figures at the maximum and minimum P values achieved on the pressure interval stabilizing the lowsymmetry phase. The percentage contribution of each ξ Y provides the "relaxation rate" due to Y. The larger such quantity, the more the structural relaxation exploits a mechanism of atomic re-adjustment that affects the related Y. In so doing, we observe that ω and ω′ contribute to the cassiterite structural relaxation in terms of a "relaxation rate" over 60%, whereas the remainder is accounted for by Δ|X ax -X eq | and 90°-ABS. Pyrolusite distributes uniformly its relaxation over the four degrees of freedom. Sellaite re-accommodates its atoms in order to employ foremost ω and ω′ ("relaxation rate" over 85%).
Ionic character of bonding in AX 2 -minerals
The ionic component quantification of the bonding in AX 2 -minerals helps understand why such systems show different behaviours as a function of pressure. In the present case, a pivotal question is whether increasing pressure promotes an increase of the ionic character of bonding. This point provides a straightforward link between structure's behaviour and bonding nature. For instance, one edge of the building octahedral unit is as long as c, parallel to [001] and at its ends lie two anions, as already stated. Any shortening of c implies an increase of the repulsion between X species. Quantum-mechanics calculations were carried out by the HF/DFT-CRYSTAL14 program (Dovesi et al. 2014) to model the static electron density of the high-and low-symmetry phases under study, up to the highest P explored (Appendix 1). Using the Bader analysis (Bader 1990 (Bader , 2007 implemented by the TOPOND program (Gatti and Casassa 2014) , we calculated the basin charges attributable to each atom, thus determining a net charge (Z net-charge = atomic number-basin charge) associated to the involved ions. Atomic basins are confined by "Ω-surfaces" that fulfil the following relationship where ρ(r) is the electron density, n(r) is a versor normal to Ω at r and dS is an infinitesimal surface element; the integration is carried out on a Ω-surface that defines the atomic basin, surrounding an atom. In this light, the net charge of the jth-atom is calculated by and Z net charge,j provides a measure of the oxidation state of "j". Leaving details aside, as they are out of the scope of the present paper (about the general methodology, see Merli and Pavese 2018) , we determine the following average net charges: Z net charge,Mg = 1.77, Z net charge,F = -0.887, Z net charge,Sn = 2.59, Z net charge,O-cassiterite = − 1.295, Z net charge,Mn = 1.91, Z net charge,O-pyrolusite = − 0.955 |e|. These net charge values suggest ionic contributions to bonding of 66, 48 and 89%, in cassiterite, pyrolusite and sellaite, respectively. Such figures are calculated as net-charge/ conventional-oxidation-state ratio. These results are in keeping with Baur (1956 Baur ( , 1976 , Baur and Khan (1971) and Bolzan et al. (1997) , as to a deviation from the ionic character of the AO 2 -type oxides. The predicted net charges show a quasi-negligible sensitivity to pressure, at least in the narrow range investigated. The relevant ionic character of bonding in sellaite might be related to its tendency to adjust its structure foremost via ω and ω′, which are ω ≈ ω′ and lead therefore to pure rotation in combination with quasi-isotropic compression of the octahedron, instead of exploiting a metric distortion, i.e. Δ|X ax -X eq |, that would yield general increase of repulsion between anions. 
Conclusions
Cassiterite (SnO 2 ), pyrolusite (β-MnO 2 ) and sellaite (MgF 2 ) share the same rutile-like structure. They undergo a P4 2 /mnm → Pnnm ferroelastic phase transition triggered by pressure at 10.25 ±0.1, 4.05 ±0.1 and 4.80 ±0.1 GPa, respectively. Such P tr -figures are estimated by the analysis of the order parameter (Q = η 11 -η 22 ) versus P, in combination with those structure observables (90°-ABS, ω, ω′, Δ|X ax -X eq |) that are other than zero in the region of the low-symmetry phase's stability. The three minerals under investigation exhibit different relaxation mechanisms at P > P tr . SnO 2 exploits ω and ω′, in terms of ≈ 60% of the "relaxation rate"; MnO 2 uses uniformly all of the available deformation parameters to readjust its structure; MgF 2 largely privileges ω and ω′, i.e. ≈ 85% of the "relaxation rate". Altogether, ω and ω′ are among the deformation parameters that are most employed for relaxation by all of the minerals investigated, in keeping with the reasonable expectation that AX 2 -minerals with Pnnm symmetry use degrees of freedom that distort octahedron as little as possible. Although |R 1 -R 2 |≠ 0 on the whole P-range explored, yet comparing |R 1 -R 2 | at P < P tr with P > P tr helps bring to light further details about deformation mechanisms. In sellaite |R 1 -R 2 | changes little as a function of P, thus hinting at a more modest metric distortion of the octahedron than in cassiterite and pyrolusite. This is related to sellaite yielding small |ω-ω′| figures, i.e. the octahedron tends to re-adjust by a pure rotation and quasiisotropic shrinking. All this seems consistent with a more marked ionic bonding occurring in sellaite (ionic contribution to bonding ≈ 89%, from Bader theory), than in cassiterite (≈ 66%) and pyrolusite (≈ 48%). In fact, distorting the MgF 6 -octahedron is difficult, as an asymmetric shortening of the anion-anion distances may lead to a significant increase of repulsion. The A-coefficients of the ΔG Landau expansion (see Eq. 3) yield − 1.022(8), − 8.21(1) and − 9.2(2) 10 3 J/GPa/mol for cassiterite, pyrolusite and sellaite, respectively. Although the A-coefficients are significantly different between cassiterite and the couple pyrolusite-sellaite, they provide similar average contributions to the total ΔG (58-65% of the total Gibbs energy difference). In proximity of P c and assuming the same Q, we observe that cassiterite requires a P-P c about eight times as large as pyrolusite/ sellaite's to achieve the same ΔG. Therefore, even if the involved minerals share the same structure-type, they exhibit significantly different responses versus P, which substantiates the important role played by chemical composition.
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Appendix 1
Quantum mechanics modelling
Static calculations were performed at a given pressure and 0 K by the HF/DFT-CRYSTAL14 program (Dovesi et al. 2014) , which implements "Ab initio Linear-Combination-of-Atomic-Orbitals" for periodic systems. Neither zero-pointenergy nor thermal pressure were taken into account, as in the present case we pay attention only to the trend, at room temperature. Exchange and correlation functionals were chosen on the basis of the capacity to reproduce experimental cell parameters and energy gaps. For sellaite, a combination of the Exchange Second Order GGA functional (SOGGA) with the PBE correlation functional (Zhao and Truhlar 2008) was chosen, using 5% of HF exchange hybridization. For cassiterite and pyrolusite the one-parameter B1WC hybrid functional (Bilc et al. 2008) , which combines WC exchange and PWGGA correlation functionals, was employed, with 18 and 8% of HF exchange hybridization, respectively. The following tolerance values were chosen to govern the accuracy of the integrals of the self-consistent-field-cycles: 10 −8 for coulomb overlap, 10 −8 for coulomb penetration, 10 −8 for exchange overlap, 10 −8 for exchange pseudo-overlap in direct space, 10 −16 for exchange pseudo-overlap in reciprocal space and 10 −8 Ha threshold for SCF-cycles' convergence.
For all the structures under investigation, the Peintinger-Oliveira-Bredow (POB) basis sets (Peintinger et al. 2013 ), constituted by triple-ζ valence plus polarization functions, were used, with the exception of Sn (Sn_9763111-631 basis set available at http://www.tcm.phy.cam.ac.uk/~mdt26 /basis _sets/Sn_basis .txt).
